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The  objective  of  the  present  program  of  research,  under 
the  Office  of  Naval  Research  Contract  NG0014-73-C-0040  to 
Human  Factors  Research,  Incorporated  (HFR)  , is  to  develop 
equations  for  predicting  option  sickness  incidence  (MSI)  in 
military  personnel  exposed  to  sea  notion.  The  results  of 
this  research,  however,  have  potential  applicability  to  vir- 
tually all  types  of  transportation  vehicles.  The  first  report 
under  this  contract  (O'lianlon  6 McCauley,  1973)  described 
research  that  led  to  a preliminary  mathematical  model  relat- 
ing MSI  to  vertical  sinusoidal  motion  varying  in  frequency 
(.033  to  .SO  llz)  and  acceleration  (.027  to  .5S  tbs  g) . The 
present  report  discusses  a series  of  exploratory  experiments 
on  topics  which  were  considered  to  be  potentially  important 
for  the  prediction  of  MSI:  pitch  and  roll  motions,  habitu- 

ation, and  frequencies  above  .S  Hz.  Also,  a more  detailed 
description  of  the  model  is  presented,  including  its  assump- 
tions, limitations,  derivation,  and  extension  to  include  ex- 
posure time. 

Stomach  awareness,  malaise,  cold  sweating,  pallor,  nausea, 
and  vomiting  (emesis)  are  common  signs  and  symptoms  of  motion 
sickness.  This  syndrome  is  a normal  response  to  certain  types 
of  motion  for  individuals  who  have  an  intact  vestibular  sys- 
tem. Either  .angular  or  linear  accelerations,  or  a combination, 
can  induce  sickness,  but  the  common  element  seems  to  be  the 
repetitive  acceleration  of  the  vestibular  system.  A variety 
of  species  other  than  man  suffers  from  susceptibility  to  motion 
sickness,  including  dogs,  cats,  chimpanzees,  seals,  birds, 
sheep,  and  even  fish.  In  spite  of  the  prevalence  of  motion 
sickness  across  species,  no  apparent  purpose,  in  the  teleo- 
logical sense,  is  served  by  vomiting  in  response  to  repetitive 
acceleration.  Several  comprehensive  reviews  of  motion  sickness 
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discuss  these  issues  in  detail  (Chinn  8 Sraitn,  1955;  Money, 

1970;  Reason  5 Brand,  197S;  Tyler  8 Bard,  1949). 

The  vestibular  system  plays  a primary  role  in  motion 
sickness.  As  early  as  1882,  William  James  asserted  that 
individuals  with  a non-functional  vestibular  system  were 
immune  to  motion  sickness.  Research  by  Graybiel  and  his 
colleagues  has  clearly  demonstrated  this  immunity  in  a variety 
of  dynamic  environments  (e.g.,  Kennedy,  Graybiel,  McDonough 
{ Beckwith,  1968).  Both  the  semicircular  canals  and  the  oto- 
lith organs  are  implicated  in  the  etiology  of  motion  sickness, 
but  their  exact  role  and  their  mutual  influence  remain  contro- 
versial. Discussions  of  this  issue  may  be  found  in  Reason  5 
Brand  (1975)  and  in  several  papers  in  the  NASA  Fourth  Symposium 
on  the  Role  of  the  Vestibular  Organs  in  Space  Exploration 
(Graybiel  4 Miller,  1970;  Guedry,  1970). 

Angular  acceleration  is  the  primary  stimulus  to  the  semi- 
circular canals  and  linear  acceleration  is  the  primary  stim- 
ulus to  the  otolith  organs.  Either  angular  or  linear  accel- 
eration can  induce  motion  sickness,  and  so  can  a dynanic  visual 
dis-,  ay  with  implied  but  not  real  vestibular  stimulation. 

Reason  8 Brand  (1975)  argue  for  a "neural  mismatch"  explana- 
tion of  motion  sickness,  stating  that 

All  situations  which  provoke  sickness  are  charac- 
terised by  a condition  of  sensory  rearrangement 
involving  the  vestibular  system;  that  is,  a con- 
dition where  the  position  and  motion  information 
signalled  by  one  or  more  of  our  spatial  senses 
{semicircular  canals,  otoliths,  or  vision]  is  in 
some  way  discrepant  with  that  signalled  by  the 
remainder.  (p.  134) 

Tho  motion  of  vehicles  on  land,  sea,  or  air  can  be  con- 
ducive t:o  motion  sickness,  depending  on  the  environmental 
forces  imparting  acceleration  to  the  vehicle.  The  relation- 
ship between  the  dynamics  of  the  vehicle  and  the  resultant 
motion  sickness  is  largely  unknown  (Allen,  1974).  Field  studies 
provide  one  method  for  investigating  that  relationship  by 
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correlating  measures  of  vehicle  dynamics  with  MSI.  However, 
the  field  study  method  presents  difficult  problems  of  measure- 
ment. Ideally,  six  axes  of  motion,  three  linear  and  three 
angular,  should  be  quantified.  Linear  components  of  angular 
acceleration,  such  as  pitch  motion  at  the  bow  of  a ship,  may 
be  significant  if  the  distance  of  the  individual  from  the  axis 
of  rotation  is  great.  The  movement  of  personnel  within  the 
vehicle,  therefore,  can  cause  difficulty  in  quantifying  the 
dynamic  stimulus  for  an  individual  over  time.  The  problems 
encountered  with  the  field  study  method  are  documented  in  an 
unsuccessful  attempt  to  correlate  measures  of  ship's  notion 
with  motion  sickness  (Hanford,  Cone  § Gover,  1953). 

Another  approach  to  the  problem  of  relating  motion 
parameters  to  MSI  is  to  experimentally  control  and  manipulate 
the  motion  of  laboratory  devices.  This  method  has  utilized 
a variety  of  devices  such  as  two-pole  and  four-pole  swings, 
rotating  chairs,  rotating  rooms,  and  vertical  oscillators. 
Since  World  War  II  a number  of  studies  have  used  these  devices 
and  the  results  have  been  reviewed  by  Money  (1970).  Despite 
the  research  effort,  our  knowledge  is  far  from  complete. 

Benson  (1973) , in  a recent  review  of  the  physical  character- 
istics of  the  motions  that  induce  sickness,  concluded  that 

There  is  a paucity  of  data  correlating  stimulus 
parameters  to  the  incidence  of  s ickness . . . . In 
situations  where  there  are  concomitant  angular 
or  linear  accelerations,  as  invariably  occurs 
outside  the  laboratory  In  transport  or  fighting 
vehicles,  there  Is  essentially  no  information 
which  would  allow  a quantitative  assessment  of 
the  incidence  of  sickness  in  operators  or  pas- 
sengers when  exposed  to  a particular  vehicular 
motion.  (p.  15) 

Vertical  linear  acceleration,  sometimes  called  "heave," 
has  been  implicated  as  the  component  of  sea  motion  that  is 
most  important  in  motion  sickness,  primarily  because  the  level 
of  angular  acceleration  in  pitch  and  roll  is  quite  low  in 
conventional  sea  craft,  usually  less  than  5 degrees  per  seconJ 
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per  second  (*/sec?)  (Morales,  1949;  Sjoberg,  1970).  A series 
of  studies  on  vertical  oscillation  was  begun  by  Wendt  at 
Weslyan  University  during  World  War  II,  and  has  been  reviewed 
by  Baker  (1966),  Benson  (1973),  and  Money  (1970).  The  appara- 
tus used  in  these  studies,  called  the  "Wave  Machine,"  was  a 
hydraulically  driven,  modified  elevator  with  an  18-foot  full- 
wave  displacement  amplitude.  The  waveforms  were  characterized 
by  alternating  periods  of  constant  velocity  and  constant 
acceleration.  According  to  Baker  (1966)  and  Morales  (1949), 
the  displacement  waveforms  approximated  a sinusoid,  but  the 
acceleration  waveforms  were  essentially  a square  wave.  Seated 
subjects  were  exposed  for  20  minutes  vo  frequencies  from  13 
to  32  cycles  per  minute  (CPM) , and  accelerations  (-*2)  ranged 
from  .20  g to  .65  g.  Results  of  these  studies  indicated  that 
both  frequency  and  acceleration  were  important  in  motion 
sickness,  and  that  frequencies  lower  than  32  CPM  were  more 
likely  to  induce  sickness.  Equipment  limitations  prevented 
the  independent  manipulation  of  frequency  and  acceleration, 
and  the  relationship  between  these  variables  was  not  dis- 
covered. 

The  first  study  in  the  present  program  of  research 
(O'Hanlon  8 McCauley,  1973)  extended  the  Wendt-Weslyan  data 
by  independently  varying  the  frequency  and  acceleration  of 
vertical  oscillation.  Over  300  subjects  were  exposed  to  motion 
for  a duration  of  2 hours.  Frequencies  of  5,  10,  20,  and  30 
CrM  (or  .083,  .167,  .333,  and  .500  Hz  respectively)  were 
tested.  The  frequency  of  maximum  sensitivity  to  motion  sick- 
ness was  found  to  be  10  CPM  (.167  Hz)  in  contrast  to  the 
Wendt-Weslyan  estimate  of  between  16  and  22  CPM.  In  addition, 
MSI  was  found  to  increase  for  all  frequencies  as  a monotonic 
function  of  the  acceleration.  A mathematical  model  was  derived 
for  the  prediction  of  MSI  in  a 2-hour  exposure  based  on  the 
parameters  of  frequency  and  acceleration.  However,  the  data 
for  that  model  was  frequency  limited  to  an  upper  bound  of 
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.5  Hz  and  important  variables  such  as  exposure  time,  habitu- 
ation, and  simultaneous  angular  accelerations  wore  not  in- 
cluded in  the  model. 

The  purpose  of  the  present  experiments  was  to  investi- 
gate the  effects  of  the  following  variables  on  the  incidence 
of  motion  sickness:  (1)  angular  motions  of  pitch  and  roll 

up  to  and  beyond  the  magnitude  of  angular  accelerations  ex- 
pected froa  sea  notion;  (2)  habituation  of  the  motion  sickness 
response  through  successive  daily  exposures  to  motion;  and 
(3)  frequencies  of  vertical  oscillation  above  .5  Hz.  A major 
goal  was  to  refine  the  mathematical  model  for  the  prediction 
of  MSI  by  including  new  data  as  well  as  an  expression  for 
exposure  duration. 
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General  Method 


Apparatus 


Motion  was  imparted  to  the  subjects  using  the  Office  of 
Naval  Research/Huaan  Factors  Research  (CMR/HFR)  Motion  Genera- 
tor (Buckner  5 Baker,  1969;  Buckner  $ Heerwagen,  1969;  O'Hanlon, 
Seltzer  8 Sanderson,  197S).  The  facility  includes  a control 
rooa  and  a aoving  cabin  which  is  aounted  on  a hydraulically 
driven  piston,  capable  of  a vertical  full-wave  displacement 
anplitudo  (heave)  of  approximately  20  feet  (6.1  Deters). 
Additionally,  the  Motion  Generator  provides  pitch  and  roll 
angular  displacement  limits  of  approximately  ±15*  on  each 
axis.  The  axes  of  rotation  are  approximately  16  inches  (40  cn) 
below  the  deck  of  the  coving  cabin. 

The  Motion  Generator  was  equipped  with  a coving  cabin  of 
approxinately  2 feet  x 8 feet  x 8 feet  (2.4  n)  with  an  insu- 
lated partition  dividing  it  into  two  identical  conpartnents 
so  that  two  subjects  could  be  exposed  to  notion  sinultaneously. 
Each  compartment  contained  an  air  conditioning  systea,  an  air- 
craft type  seat  with  headrest  and  safety  harness,  a headset 
counted  on  the  headrest,  a closed-circuit  television  camera, 
a fluorescent  light,  an  enesis  bag,  a synpton-rating  chart, 
and  a snail  response  console  with  five  buttons.  The  five  re- 
sponse buttons  were  numbered,  and  the  sycptoa-rating  chart 
defined  the  buttons  as  follows: 


Button  Number 


Sycnton  Rating 
No  symptoms 

Stonach  awareness,  feeling  slightly 
"queasy" 

Mild  nausea 

Moderate  nausea 

Severe  nausea,  cnais  is  inainent 


The  control  room  contained  the  communications  and  control 
equipment.  Parallel  communications  systems  and  TV  monitors 
for  the  two  compartneri s allowed  the  experimenter  to  monitor 
the  subjects'  progress  and  communicate  with  then  independently. 
A sinusoidal  drive  signal  was  produced  by  a function  gcneiator 
(Systron-Donner  Corp.,  Data  Pulse  401)  and  provided  the  input 
to  the  Motion  Generator  heave  servo  control  systen.  The  fre- 
quency and  the  cabin  half-wave  displacement  amplitude  were 
accurate  to  within  approximately  .005  Hz  and  2 inches  respec- 
tively. 

Major  modification  of  the  ONR/HFR  Motion  Generator  heave 
systen  occurred  during  the  time  period  of  the  present  experi- 
ments, substantially  upgrading  both  its  frequency  and  the 
acceleration  characteristics.  Appendix  A contains  information 
regarding  Motion  Generator  pre-  and  post-modification  drive 
systems . 

Subjects 

Students  were  recruited  from  four  local  educational  in- 
stitutions with  a combined  enrollment  of  approximately 
20,000--the  University  of  California,  Santa  Barbara;  Santa 
Barbara  City  College;  Brooks  Institute  of  Photography;  and 
Kestmont  College.  Male  and  female  subjects  participated  in 
two  experiments  on  habituation;  the  Tenainaer  of  the  studies 
employed  male  subjects  exclusively.  The  subjects  were  screened 
by  questionnaire  for  contraindicating  medical  conditions  such 
as  diabetes,  heart  disease,  high  blood  pressure,  and  epilepsy. 
They  were  paid  $10  for  an  experimental  session  which  lasted 
cither  2 hours  or  until  emesis. 

Procedure 

The  procedures  described  in  this  section  may  be  considered 
"standard"  for  the  three  studies  reported  in  this  paper.  Any 
deviation  from  these  procedures  will  be  noted. 
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The  two  subjects  in  each  session  listened  to  tape  recorded 
instructions  and  signed  informed  consent  forss.  They  were 
seated  in  their  respective  compartments  of  the  coving  cabin, 
and  the  safety  harnesses  were  secured.  They  were  instructed 
to  naintain  head  position  against  the  headrest  and  respond  to 
a 1-second  tone  given  each  oinute  over  the  headset  by  pressing 
the  appropriate  synptoa-rating  button  on  the  response  console. 
Hhen  the  coapartaent  doors  were  secured,  no  earth-fixed  visual 
reference  was  available  for  the  subjects,  although  the  fluo- 
rescent light  enabled  TV  Monitor  operation  and  nornal  vision 
within  the  coapartaent.  The  notion  was  started  after  a final 
coaaunications  check,  and  the  assigned  aotion  was  attained  by 
a gradual  increase  of  the  input  amplitude  over  a period  of 
approxiaately  30-60  seconds.  The  subjects'  syapton  develop- 
ment was  observed  on  a strip-chart  recording  of  the  synptoa 
ratings  and  on  the  TV  Monitors.  If  a subject  voaited,  an 
autoaatic  notion-stop  procedure  was  initiated,  requiring  9 
seconds,  and  he  was  reaoved  to  a recovery  bunk.  The  motion 
was  restarted  fur  the  reaaining  subject  as  soon  as  possible, 
generally  within  3 ainutes.  Although  this  procedure  disturbed 
the  constant  stiaulus  to  the  reaaining  subject,  the  delay  did 
not  appear  to  offer  sore  than  a brief  respite  froa  notion  sick- 
ness syaptoa  development.  In  sone  studies,  noted  later,  sub- 
jects were  encouraged  to  remain  in  notion  for  the  full  2 hours, 
even  after  enesis.  After  a session,  the  subjects  were  requested 
to  remain  until  fully  recovered.  A local  physician  was  retained 
for  consultation  and  for  eaergency  nodical  care. 
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STUDY  I 

VERTICAL  OSCILLATION  WITH  PITCH  OR  ROLL 


In  operational  sea  craft , the  angular  accelerations  of 
pitch  and  roll  that  are  inparted  to  the  occupants  are  concomi- 
tant with  vertical  acceleration  or  heave.  Therefore,  accurate 
prediction  of  cotion  sickness  incidence  in  Naval  operations 
oust  account  for  those  cosbined  effects.  Angular  acceleration 
is  an  effective  stimulus  for  notion  sickness  when  it  is  cross- 
coupled  with  head  novenents  in  an  orthogonal  axis  leading  to 
Coriolis  acceleration  of  the  senicircular  canals  (Benson,  1973; 
Graybiel,  1972;  Guedry,  1965).  However,  the  contribution  of 
the  angular  acceleration  of  pitch  and  roll  to  notion  sickness 
on  ships  ij  not  well  documented.  Several  investigators  (o.g.. 
Morales,  1949;  Sjoberg,  1970)  have  asserted  that  pitch  and 
roll  are  relatively  unimportant  coopered  to  heave  cotion  bo- 
cause  the  angular  acceleration  aboard  ships  is  generally  very 
low,  on  the  order  of  5*/sec2.  For  example,  a roll  angle  of 
10*  aboard  a ship  would  be  ver>  perceptible  by  otolith  and 
proprioceptive  sensors,  but  because  of  the  long  roll  period, 
the  angular  acceleration  and  hence  the  scinulation  of  the  seni- 
circular canals  would  be  low.  Consequently,  the  angular 
accelerations  of  pitch  and  roll  per  se  nay  play  a minimal 
role  in  the  etiology  of  Etotion  sickness  aboard  conventional 
sea  craft.  But  the  vertical  linear  component  of  roll  and 
particularly  of  pitch  could  be  substantial,  depending  on  an 
individual's  location  on  the  ship  with  respect  to  the  axis  of 
rotation. 

The  purpose  of  Study  I was  to  deternine  how  notion  sick- 
ness incidence  is  affected  by  the  addition  of  tho  angular 
accelerations,  pitch  or  roll,  to  a constant  vertical  motion. 

Method 

Subjeote.  Tho  subjects  were  325  Bale  college  students. 
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Procedure.  A sinusoidal  vertical  oscillation  was  defined 
by  a frequency  of  .25  Hz  and  an  ms  acceleration  level  of 
.11  £ yielding  a half-wave  displacement  amplitude  of  2.05  feet. 
That  notion  was  predicted  to  give  a moderate  MSI  of  25%  in 
2 hours,  based  on  the  model  developed  from  the  earlier  work 
under  this  contract  (O'Hanlon  8 McCauley,  1973),  although  the 
effects  of  this  particular  frequency  had  not  been  previously 
observed.  There  were  a total  of  15  experimental  conditions 
of  notion  (see  Table  l)--6  pitch  * heave  conditions,  6 roll  ♦ 
heave  conditions,  and  3 control  conditions,  pitch-only,  roll- 
only,  and  heave-only. 

A function  generator  produced  sinusoidal  command  signals 
for  the  angular  notion,  and  the  gain  control  was  increased 
until  the  assigned  angular  displacement  of  the  cabin  was  attained 
to  within  1 degree.  Six  angular  motions  were  defined  on  the 
basis  of  a partial  factorial  design  of  three  frequencies-- . 115 , 
.230,  and  .345  Hz--ard  three  levels  of  ms  acceleration--5.5 , 
16.7,  and  33.3#/sec*.  The  six  angular  motions  were  super- 
imposed upon  the  standard  heave  motion  and  defined  as  pitch 
or  roll  according  to  the  axis  of  rotation  with  respect  to  the 
seated  subject.  The  linear  components  of  the  six  angular 
accelerations  were,  in  all  cases,  less  than  .10  rms  g accel- 
eration at  the  ear,  by  calculation  for  a hypothetical  subject 
of  mean  sitting  height.  The  heave-only  control  condition  had 
no  superimposed  angular  accelerations;  the  pitch-only  and  the 
roll-only  control  conditions  had  no  heave  motion. 

Eight  subjects  were  scheduled  each  day  and  nonsystemat- 
ically  assigned  to  one  of  the  15  notion  conditions.  Scheduling 
continued  until  a minimum  of  20  subjects  had  been  exposed  to 
each  condition.  Because  of  the  pitch  and  roll  accelerations 
in  this  study,  head  restraints,  constructed  of  rubber  tubing, 

I 

assured  that  the  subject's  head  remained  positioned  against 
the  headrest. 


Ra Quito  and  Dioausoion 

The  observed  MSI  in  the  IS  motion  conditions  is  shown  in 
Table  1.  The  MSI  in  the  heave-only  control  condition  was  31%, 
just  6%  more  than  predicted  by  the  model.  In  contrast,  no 
subjects  vomited  in  the  roll-only  control  condition,  and  only 
two  (9%)  vomited  in  the  pitch-only  control  condition.  Inspec- 
tion of  the  six  pitch  ♦ heave  conditions  in  Table  1 revealed 
no  apparent  systematic  effect  of  frequency  or  acceleration. 

A chi-square  analysis  based  on  an  expected  MSI  of  31%  was  not 
significant,  X1  ■ 2.17,  4f  » 5,  p > .05,  indicating  that  the 
addition  of  the  six  conditions  of  pitch  notion  led  to  no  ch&ngo 
in  MSI  other  than  what  might  be  expected  fron  the  heave  motion 
alone. 

Inspection  of  the  six  roll  ♦ heave  conditions  revealed 
a high  variability  in  MSI,  with  two  particularly  low  values 
of  14%  at  .115  Hz,  S.S'/sec*  , and  8%  at  .345  Hz,  16.7*/seca. 

Yet  no  systematic  effects  of  frequency  or  acceleration  were 
apparent.  There  is  no  ready  explanation  for  the  inversion  at 
a frequency  of  .345  Hz  and  an  acceleration  of  16.7*/sec*;  the 
reason  for  the  low  value  is  unknown.  However,  a chi-square 
analysis  supports  an  interpretation  that  the  results  were  due 
to  chance  variation.  The  obtained  frequency  of  emesis  did 
not  differ  significantly  fron  the  31%  expected  fron  heave 
alone,  X*  * 9.89,  df  ■ 5,  p > .05.  S?e  are  unaware  of  any 
vestibular  process  or  theory  of  notion  sickness  that  would 
predict  a reduct  on  in  motion  sickness,  as  in  the  cells  with 
8%  and  14%  MSI,  due  to  the  addition  of  roll  motion  to  heave 
motion.  The  overall  mean  of  the  MSIs  for  the  pitch  ♦ heave 
conditions  was  34%  and  for  the  roll  + heave  conditions,  31%. 
These  data  are  consistent  with  the  view  that  the  12  motion 
conditions  of  angular  acceleration  did  not  differ  from  the 
heave-only  control  condition,  and  that  the  inter-cell  varia- 
tion was  due  to  sampling  variability. 
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Overall,  the  cost  notable,  and  somewhat  surprising,  re- 
sult froa  Study  I was  the  failure  of  pitch  or  roll  to  con- 
sistently increase  the  incidence  of  sickness  observed  in  the 
heave  tsotion  alone.  Whether  son©  complex  interaction  between 
the  roll  and  heave  accelerations  led  to  increased  variability 
in  MSI  remains  a viable  question.  For  example,  perhaps  the 
neural  effect  of  vertical  acceleration  is  modulated  by  the 
average  angular  position  (tilt  angle)  of  the  otolith  organs 
at  the  time  the  acceleration  is  applied.  Such  an  effect  could 
possibly  account  for  some  of  the  variability  observed  in  those 
results.  The  failure  to  find  a systematic  increase  in  MSI 
fron  pitch  and  roll  supports  previous  investigators  who  sug- 
gested that  the  vertical  component  of  sea  motion  is  of  pri- 
aary  etiological  significance  for  aotion  sickness.  This  result 
also  casts  doubt  on  previous  suggestions  that  slight  head 
aovenents  during  vertical  oscillation  are  the  basis  for  motion 
sickness  (Graybiel  Q Miller,  1970;  Reason  $ Brand,  1975). 
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Study  II 

HABIT3ATIC3  TO  K3TI03  TUDCUCa  DAILY  EU735UL3 

Adaptation  end  habituation  era  closely  related  terns, 
generally  referring  to  a chaago  in  response  to  an  input  that 
is  constant  or  repeated.  Uoaay  (1370)  discusses  thoso  pro- 
cesses with  regard  to  notion  sichaess  and  defines  adaptation 
as  a change  in  the  bodily  eech&aisas  which  leads  to  a response 
decline,  and  habituation  as  the  acquisition  cr  process  of  ac- 
quiring the  adaptive  change.  The  tern  habituation  will  be  used 
in  this  report  to  describe  a decline  in  the  incidence  of  cotioa 
sickness  with  repeated  or  continued  exposure.  It  is  recognized 
that  this  definition  is  not  descriptive  of  the  underlying  pro- 
cesses. Collins  (1973)  reviewed  habituation  of  vestibular  re- 
sponses, particularly  for  angular  acceleration,  and  concluded 
that  sere  response  reduction  is  an  inadequate  conception  of 
vestibular  habituation,  and  that  tho  dynamic  processes  involved 
would  be  better  characterized  os  "active  codification"  of  ves- 
tibular responses.  A sinilar  viewpoint,  expressed  by  Reason 
and  Brand  (1975),  is  a eajor  feature  of  tho  sensory  rearrange- 
ncat  theory  of  notion  sickness.  An  increased  research  effort  on 
these  theoretical  issues  is  needed  in  order  to  advance  tho  under- 
standing of  notion  sickness  as  woll  as  adaptive  processes. 

However,  practical  rather  than  theoretical  considerations 
estivated  the  present  study  because  any  prediction  of  K3I  for 
extended  operations  in  a dynanic  environment  cast  take  into 
account  the  degree  of  habituation  that  has  been  acquired. 

Several  inportant  issues  arise  in  the  area  of  adaptive  changes 
in  response  to  notion:  the  tine  course  of  habituation,  the  per- 

sistence of  the  change  (rate  of  dishsbituation) , the  specificity 
of  tho  change,  and  tho  extent  of  positi*.'o  and  negativo  transfer 
of  the  habituation  to  different  cotton  conditions. 

Study  II  was  designed  as  aa  exploratory  investigation  of 
habituation  in  repeated  exposures  to  vertical  oscillation.  Tho 
study  consisted  of  three  expezlasnts  examining  differences  in 
acceleration,  duration  of  exposure,  or: 3 sex. of  tho  subjects. 
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Experiment  1 


The  purpose  of  Experiment  1 was  to  o'  servo  the  effect  of 
repeated  daily  2 -hour  exposures  to  the  sans  sinusoidal  notion 
on  the  K3I  of  susceptible  subjects.  A dec* ins  in  the  inci- 
dence of  ones is  cs  a function  of  days  of  exposure  was  con- 
sidered to  be  evidence  of  habituation. 

Subject®.  Thirty-four  out  of  54  subjects  were  selected 
for  susceptibility  on  the  basis  of  vomiting  within  2 hours  in 
response  to  the  standard  ration  for  this  experinent . Only  20 
of  the  54  susceptibles  agreed  to  return  for  the  scries  of  five 
habituation  exposures.  The  procedure  for  subject  selection 
was  identical  for  all  three  experiments  in  Study  II,  and  the 
results  of  the  selection  process  are  shown  in  Table  2. 


T&SLE  2 

GSSCBIPTIOil  OF  nOTICti,  SUBJECTS  • AHD  OUTCOHE 
OF  SELECTION  PROCESS  F0?»  STUDY  II 


Experiment 

Ha. 

Motion 

Selection 

Tost 
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0.25 

0.33 

6.14 

45 

9 

592 

89% 

8 

6 

3 

0.417 

0 • 44 

2.94 

15 

12 

40% 

58% 

4 

4 

Procedure.  A sinusoidal  notion  at  a frequency  of  .25  Hz 
and  res  acceleration  of  .22  g,  yielding  a half-wave  displace- 
ment amplitude  of  4.1  feet,  was  defined  as  the  standard  heave 
ret Sen  throughout  the  experiment.  This  notion  was  predicted, 
cu  the  basis  of  the  mathematical  codol  (O' Hanlon  6 KcCaulcy , 
1075),  to  result  in  a 52*  KSI  within  2 hours. 

An  unsuccessful  attempt  was  and®  to  establish  a einltsna 
oS  S days  between  the  selection  exposure  end  the  first  of  the 
five  haMtaatica  sessions;  sene  subjects  began  the  habituation 
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series  2 to  3 days  airtar  the  selection  exposure  because  of 
conflicts  with  school  class  schedules. 

Eeoults.  Tha  HZ  I for  the  20  subjects  (1  subject  ■ 5%) 
is  shown  in  Figure  1 ns  a function  of  consecutive  days  of 
exposure.  Although  100^1  of  the  subjects  had  vomited  on  their 
selection  day,  only  75»  vcaited  on  Day  1 of  the  habituation 
series.  This  reduction  in  MSI  cay  have  been  due  to  a coubi- 
n at ion  of  three  factors:  (1)  residual  habituation  attribu- 

able  to  the  selection  day  exposure,  <,2)  nonspecific  habituation 
or  reduction  in  anxiety  to  the  total  testing  situation,  and 
(3)  regression  toward  nean  susceptibility  in  subjects  who  wero 
selected  for  high  susceptibility.  The  habituation  series  of 
five  daily  exposures  resulted  in  a nonotonic  and  negatively 
accelerating  decrease  in  MSI.  However,  six  subjects  (30T) 
still  vonited  on  Days  4 au4  3. 


Figure  1.  MSI  over  five  daily  2-hour  habituation  expo-  • 
sures  to  vertical  sinusoidal  oscillation  at  0.25  Hz  and 
0.22  ras  g in  Experiment  1 (H  =*  20). 
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Experiment  2 


The  primary  purpose  of  Experiment  2 was  to  determine  the 
effect  of  the  severity  of  motion  on  habituation.  A secondary 
purpose  was  to  observe  the  retention  or  maintenance  of  habit- 
uation. Experiment  2 also  was  designed  to  provide  data  re- 
garding differential  susceptibility  to  motion  sickness  between 
male  and  female  subjects. 

Subjects.  There  were  8 males  and  6 females  who  partici- 
pated in  the  habituation  series.  These  subjects  were  selected 
for  susceptibility  from  a total  of  31  males  and  8 females  by 
the  same  procedure  as  in  Experiment  1.  The  results  of  the 
selection  testing  are  given  in  Table  2. 

Procedure.  The  motion  for  the  second  habituation  experi- 
ment was  sinusoidal  vertical  oscillation  at  the  same  frequency 
as  Experiment  1,  .25  Hz,  but  at  a greater  rms  acceleration,  i.e. 
.33  g.  The  14  subjects  who  agreed  to  return  (3  to  7 days 
later)  were  given  a series  of  five  daily  2-hour  exposures  to 
the  same  motion  as  in  the  selection  test.  One  week  after  the 
final  day  of  the  habituation  series,  the  subjects  returned 
for  a 2-hour  "retention"  test,  again  in  the  same  motion.  The 
purpose  of  this  test  was  to  evaluate  the  retention  of  any 
habituation  that  may  have  been  acquired  during  the  previous 
week.  The  standard  procedures  were  followed  with  the  addition 
of  encouraging  subjects  to  remain  in  the  motion  for  2 hours 
even  if  they  became  sick  and  vomited.  If  a subject  requested 
to  terminate  the  run  after  emesis,  however,  the  motion  was 
stopped  immediately,  the  subject  was  removed,  and  the  motion 
was  restarted  for  the  remaining  subject  within  3 minutes. 

Results.  Turing  the  course  of  the  habituation  series, 

5 of  the  14  subjects  dropped  out  of  the  study.  One  decided 
the  task  was  too  unpleasant,  3 became  ill  with  the  flu,  and 
the  experimenter  terminated  1 subject  because  of  extrema 
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susceptibility  to  aotion  sickness.1  Nine  subjects  completed 
all  five  habituation  exposures  and  the  retention  exposure  of 
the  following  week.  Figure  2 shows  the  t5SI  for  all  subjects 
and  for  the  9 subjects  who  completed  the  series  across  the 
six  exposures.  There  was  a general  decrease  in  MSI  over  the 
5 days  of  habituation  similar  to  that  shown  in  Experinent  1. 
The  large  decrease  in  MSI  froa  Day  1 to  Day  2 with  the  loss 
of  only  one  subject  indicates  that  the  habituation  effect  was 
not  simply  an  artifact  based  on  non-random  subject  loss.  The 


saall  sample  size  (N  • 9 by  Day  4)  prohibited  aeaningful 


EXPOSURE  DAY 

Figure  2.  MSI  over  five  daily  2-  hour  habituation  expo- 
sures and  retention  of  habituation  after  1 week.  Motion 
was  vertical  sinusoidal  oscillation  at  0.25  Hz  and  0.33 
rras  g in  Experiment  2.  (N  • 9,  closed  circles.) 


}Tbe  subject  did  not  request  to  stop(  but  the  experimenter 
fait  that  termination  was  advisable  after  3 daya  of  multiple 
emesis  and  no  apparent  decline  in  the  asverity  of  the  motion 
sickness  symptoms. 
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statistical  analysis  of  these  data,  but  a decreasing  suscep- 
tibility to  notion  sickness  was  evident  for  the  group  as  a 
whole  over  five  daily  2-hour  exposures  to  the  same  eotion 
condition. 

The  retention  data  were  obtained  1 week  after  tho  5th 
day  of  the  habituation  series.  The  results,  shown  as  "Ex- 
posure Day  R"  in  Figure  2,  indicate  that  soce  degree  of 
habituation  aay  have  been  retained  after  a week  without 
exposure  to  eotion.  Considering  only  the  9 subjects  who 
participated  in  the  retention  test,  6 vomited  (MSI  » 67%)  on 
Day  1 of  the  habituation  series,  1 vomited  (11%)  on  Day  2, 
and  4 vomited  (44%)  on  Day  R.  Therefore,  a maximum  of  2 
subjects  nay  have  been  protected  fron  vomiting  by  retained 
habituation.  This  interpretation  oust  be  considered  very 
tentative  due  to  the  limited  size  of  the  sample.  There  were 
no  significant  differences  in  response  between  male  and  female 
subjects  (see  Figure  6). 

Ksperiment  3 

Experiment  3 was  designed  to  investigate  the  effect  of 
exposure  duration  on  habituation  and  the  retention  of  habitu- 
ation. Again,  differential  susceptibility  of  males  and  fe- 
males was  a secondary  question. 

Subjects . A total  of  27  male  and  female  students  partic- 
ipated in  the  selection  tests  for  the  third  experiment  as  shown 
in  Table  2.  Thirteen  qualified  for  the  habituation  series 
based  on  their  demonstrated  susceptibility  and  8 subjects, 

4 males  and  4 females,  agreed  to  participate  in  the  series. 

Procedure.  The  selection  testing  consisted  of  2-hour 
exposures  to  vertical  oscillation  at  a frequency  of  .417  Hz 
end  .44  ms  g acceleration,  a motion  predicted  to  yield  an 
K3I  of  52%.  The  series  of  five  habituation  runs  consisted 
of  1-hour  exposures  to  the  sane  motion  as  in  Experiment  2, 
i.e.,  .25  Hz  and  .33  tub  g acceleration.  In  both  the  selec- 
tion and  the  habituation  trials,  subjects  wore  encouraged  but 
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not  required  to  resain  in  the  sinulator  for  the  entire  tine, 
even  if  they  voaited.  The  tine  interval  between  selection 
and  the  first  exposure  of  the  habituation  series  ranged  froa 
1 to  2 weeks.  One  week  after  the  la3t  habituation  exposure, 
all  8 subjects  were  asked  to  return  for  a 2-bour  retention 
test. 

Rasul  to.  All  8 subjects  conpleted  the  habituation  series, 
but  only  5 returned  for  the  retention  test,  2 sales  and  S 
feaales.  The  results  were  qualitatively  sinilar  to  Experiments 
1 and  2;  habituation  was  evidenced  by  decreasing  MSI  with 
days  of  exposure  (Figure  3).  The  increase  in  MSI  froa  Day  3 
to  Day  4 (20%)  was  not  a Meaningful  change  since  it  was  tho 


Figure  3.  MSI  as  a function  of  five  dally  1-hour  habitu- 
ation exposures  and  a 2-hour  retention  exposure  1 week 
later  to  vertical  sinusoidal  action  of  0.25  Hz  and 
0.33  rtss  g In  Experiment  3.  (Days  1-5,  H » 8;  Day  R, 

N ■ 5.) 


23 


result  of  only  1 subject  voniting.  In  fact,  calculating  an 
MSI  with  sample  sires  less  than  N * 20  oust  be  considered 
only  a very  crude  estinate  of  the  true  population  parameter. 
Again,  the  differences  between  nales  and  females  did  not 
appear  to  be  significant,  but  the  sample  size  was  too  snail 
to  Esk®  an  effective  cocparison. 

The  retention  data,  collected  1 week  after  the  habituation 
series,  indicated  that  any  habituation  acquired  during  the 
5-day  series  of  1-hour  exposures  was  not  sustained  over  a week 
without  exposure  to  cotion.  This  result  cannot  be  considered 
firmly  established,  however,  because  of  the  small  number  of 
subjects  involved  (N  ■ 5) . 

General  Diocusoion 

Compilation  of  the  data  froa  the  three  expericents  of 
Study  II  indicated  that  the  tice>  curse  of  habituation  to 
motion  sickness  was  a negatively  decreasing  function  of  ex- 
posures. In  all  three  studies,  the  greatest  decrease  in  MSI 
occurred  on  the  2nd  day  and  habituation  continued  to  be  ac- 
quired at  a slower  rate  thereafter. 

The  results  of  Experiments  1 and  2,  which  differed  only 
in  acceleration,  are  compared  in  Figure  4.  Greater  habituation 
to  motion  sickness  was  acquired  in  the  core  severe  motion, 

.33  ms  g in  Experinent  2,  than  in  the  les~  severe  motion, 

.22  ms  g in  Experiment  1.  One  possible  explanation  is  de- 
rived fron  a similar  situation  discussed  by  Reason  and  Brand 
(1975).  They  cite  evidence  that  controlled  head  cotion  during 
rotation  hastened  the  development  of  habituation.  In  a rotat- 
ing environment,  motion  sickness  syeptons  can  be  prevented  by 
maintaining  a static  head  position,  but  this  inactivity  also 
precludes  habituation.  The  authors  suggest  that  while  increased 
head  covecent  hastens  habituation  in  a rotating  device,  it 
probably  has  little  effect  on  the  rate  of  habituation  "in  a 
situation  where  one  is  passively  exposed  to  the  notion  such 
as  on  a ship*'  (Reason  § Brand,  1975).  Possibly,  exposures 
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Figure  4.  MSI  as  a function  of  five  2-hour 
habituation  trials  for  Experiment  1 (0.25  Hz, 

0.22  rtas  g)  and  Experiment  2 (0.25  Hz,  0.33 
rtas  g). 

to  vertical  motions  of  different  severity  would  have  a similar 
effect  on  habituation  as  head  movements  do  in  rotation;  the 
■ore  severe  vertical  oscillation  would  be  analogous  to  greater 
head  movements  during  rotation,  yielding  a greater  incidence 
of  aotion  sickness  but  also  hastening  habituation.  Further 
research  is  required  in  oruer  to  sore  fully  understand  these 
variables. 

The  data  from  Experiments  2 and  3,  as  depicted  in  Figures 
2 and  3,  respectively,  are  based  on  5 days  of  exposure  to 
the  sene  motion  (i.e.,  .25  Hz,  .33  rns  g) . The  only  differences 
are  sample  sizes  and,  more  important,  exposure  times.  The 
purpose  of  Experiment  3 was  to  test  the  effects  of  adaptation 
to  1-bour  of  motion  per  day  as  compared  to  2 hours  in  Experiment  2. 


EXPOSURE  DAY 


25 


By  comparing  Figures  2 and  3 it  can  be  seen  that  there  are 
two  differences  between  then.  With  the  1-hour  exposure 
(Figure  3)  , the  initial  MSI  was  lower  (63%  as  opposed  to  79%) , 
and  the  curve  was  flatter,  yielding  a higher  MSI  on  the  final 
day  of  the  scries  (25%  compared  to  11%).  On  the  first  day, 
the  MSI  was  less  with  a 1-hour  exposure  than  with  a 2-hour 
exposure  because  MSI  is  a function  of  exposure  time.  The 
data  from  the  1st  hour  of  each  exposure  in  Experiment  2 and 
from  the  l-hou’  exposures  in  Experiment  3 are  presented  in 
Figure  5.  This  presentation  equates  the  data  for  exposure 
tine  but  allows  a comparison  of  the  degree  of  habituation 
acquired  by  exposure  to  notion  for  2 hours  per  day  rather  than 
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Figure  5.  MSI  as  a function  of  days  of  exposure  for 
the  1st  hour  of  each  exposure  In  Experiment  2 (2-hour 
exposure  durations)  and  for  Experiment  3 (1-hour  ex- 
posure durations)  and  retention  data  after  6 da.s 
without  motion,  for  the  1st  hour  (closed  symbols)  and  for 
. 2 hours  (open  symbols). 


% 


& 

© 

4b 


2 hrs 


1 hr 


26 


1 hour  per  day.  The  initial  MSI  for  the  two  groups  was 
essentially  equal,  but  by  the  3rd  day  the  group  with  the 
additional  hour  of  daily  exposure  had  a lower  MSI,  indicating 
greater  habituation.  This  same  effect  -s  reflected  in  the 
retention  tests;  the  longer  daily  exposure  to  notion  resulted 
in  greater  retention  of  habituation. 

Comparison  of  susceptibility  in  sales  and  feaales  for 
the  selection  runs  of  Experinents  2 and  3 revealed  a coabinod 
MSI  of  62%  for  the  sales  and  71%  for  the  fenales,  but  this 
difference  was  not  statistically  significant,  Z * .74,  p > .05. 
This  result  is  equivocal  with  respect  to  the  support  of  pre- 
vious findings  of  sex  differences  in  susceptibility  to  notion 
sfckness  (Reason  8 Brand,  1975).  The  habituation  data  for 
■ales  and  females  froa  Experiments  2 and  3 have  been  combined 
in  Figure  6.  The  MSI  on  the  1st  day  of  the  habituation  series 


Figure  6.  MSI  for  sales  and  females  as  a function  of 
days  of  exposure  froa  Experiments  2 and  3 combined. 
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was  greater  for  sales  than  females,  83%  and  60%,  respectively, 
but  the  final  MSI  after  five  habituation  trials  was  less  for 
the  Bales,  12%,  than  for  the  fcnales,  22%.  This  final  differ- 
ence was  not  statistically  significant,  7 ■ .54,  p > .05,  and 
there  arc  many  reversals  in  the  trends.  The  variation  in  MSI 
»<ithin  the  habituation  series  was  apparently  due  to  small 
sample  sizes,  precluding  a definitive  statement  about  sex 
differences  in  habituation. 

The  data  on  habituation  have  shown  that  five  daily  2-hour 
exposures  to  a relatively  severe  motion  led  to  a greater  degree 
of  habituation  which  was  better  retained  than  either  (a)  1-hour 
exposures  to  the  same  motion  or  (b)  2-hour  exposures  to  a 
slightly  less  severe  motion.  The  current  data  are  not  suf- 
ficiently extensive  to  describe  the  relationships  between  the 
number  of  exposures,  the  tine  between  exposures,  and  the  length 
of  exposures.  Further  research  on  habituation  to  notion  is 
necessary  to  quantify  the  effects  of  these  variables  on  the 
acquisition  and  retention  of  habituation,  and  to  provide  in- 
fornation  for  developing  a conprehensive  nodel  for  notion 
sickness. 


Study  ill 

Vertical  Oscillation  at  frequencies  frc:j  .5  to  .7  I!2 

The  purpose  of  this  study  was  to  extend  the  data  base  for 
MSI  in  vertical  oscillation  to  frequencies  greater  than  .5  Us. 

The  natheaatical  nodal  derived  froa  the  previous  study 
(O'Hanlon  ( McCauley,  1973)  indicated  that  approxiaately  .2  Us 
was  the  frequency  of  caxinua  sensitivity  to  notion  sickness, 
with  MSI  decreasing  at  higher  frequencies,  up  to  .5  Hz.  The 
frequency  range  froa  .5  Hz  to  1.0  Hz  has  rarely  been  investigated. 
Research  with  the  ONR/HFR  Motion  Generator  and  the  tfendt-Weslyan 
Wave  Machine  have  been  United  to  frequencies  below  .50  Hz  and 
.S3  Hz,  respectively,  and  studies  of  vibration  have  traditionally 
considered  1.0  Hz  as  a lower  bound  (Alien,  1971:  Kornick,  1972). 

An  excellent  review  of  vibration  above  and  bolow  1 Hz  is  given 
by  Guignard  and  King  (1972).  Several  recent  psychological  studies 
fron  the  vibration  doaain  have  included  values  below  l.C  Hz  in 
establishing  "equal  confort"  contours  (Shoenberger,  1975; 

Yonekawa  4 Miwa,  1972;  Holloway  $ Brunaghin,  1972).  However, 
this  type  of  study  has  usually  been  United  to  a low  level  of 
acceleration  because  of  the  large  displacement  eaplitudes  re- 
quired with  frequencies  below  1.0  Hz.  The  codification  of  the 
ONR/HFR  Motion  Generator  (see  Appendix  A)  provided  the  frequency 
and  acceleration  capability  for  extending  the  investigation  of 
MSI  into  the  region  between  .5  Hz  and  1.0  Hz. 

Me thod 

Subjects . The  subjects  were  101  cale  students. 

Procedures.  Four  notion  conditions  were  defined  by  fre- 
quency and  acceleration  as  shown  in  Table  3.  The  lowest  fre- 
quency in  this  experioent,  .5  Hz,  was  equal  to  tho  highest 
frequency  previously  investigated  at  this  facility.  A dif- 
ferent notion  condition  was  given  each  day,  and  eight  subjects 
per  day  were  scheduled  by  unsystematic  assignment  to  a notion 
condition.  This  procedure  was  continued  until  at  least  20 
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KOTIOri  PARAMETERS,  MUUCER  OF  SUBJECTS , AMD 
PREDICTED  AMD  OBTAINED  MSI  IN  STUDY  III 


j Condition 

n 

Predicted 

ns i (%) 

Observed 

MSI  (%) 

Frequency 

(Hz) 

Acceleration 
(rms  g) 

Half-Have 
Displacement 
Am pi i tude 

(ft.) 

1. 

.50 

.55 

2.54 

24 

42 

42 

2. 

.60 

.55 

1.77 

22 

22 

18 

3. 

.60 

.44 

1.41 

25 

IS 

& 

4. 

.70 

.55 

1.30 

24 

10 

4 

subjects  were  run  in  each  condition.  The  procedures  were  stan- 
dard: 2-hour  exposures,  no  earth-fixed  visual  reference,  and 

syapton  ratings  each  ninute. 

Itasulta  and  Dieouoaion 


The  MSI  for  the  four  cation  conditions  is  given  in  Table 
3,  along  with  the  MSI  that  was  predicted  froa  extrapolation 
of  tho  nodel.  These  results  indicate  that  the  cathcaatical 
eodel  based  on  data  up  to  .5  Hz  was  reasonably  accurate,  given 
tho  sanple  size,  for  predicting  MSI  up  to  .7  Hz.  Further 
investigation  of  the  effects  of  frequency  up  to  1.0  Hz,  and 
perhaps  beyond,  is  necessary  to  allow  detailed  analysis  of  the 
upper- frequency  boundary  of  motion  sichness.  But,  the  present 
results  confirm  the  prediction  of  the  ccdcl , that  only  relatively 
high  accelerations  (>.55  ras  g)  would  be  expected  to  produce 
cation  sickness  at  frequencies  above  .7  Hz.  Accelerations  of 
this  nagnitude  cay  produce  undesirable  effects  other  than  no- 
tion sichness;  for  cxasple,  in  broadband  vehicle  cation  of  un- 
restrained passengers,  acceleration  peaks  could  exceed  1.0  g 
causing  potential  bodily  injury  from  free-falling.  Jos,  Dinarco, 
and  Schwartz  (1974)  havo  characterized  this  region  as  tho 
"terror  regies"  where  criteria  other  than  notion  sickness 
cust  be  considered  of  primary  importance. 

3 a 


A MATE2MA?  I CAL  t'GErn.  FOa  PEEDICTIES  TS3 
Effects  of  vertical  sisesoieal  acceleeatios 

During  our  experiosnts,  a total  of  CIO  rsale  subjects 
have  been  exposed  to  vertical  sinusoidal  accelerations  in- 
volving 24  combinations  of  frequency  and  acceleration  (Table  4), 
and  212  of  those  subjects  experienced  enesis  before  completing 
their  2-hour  experimental  sessions,  at  tines  ranging  free 
2 Minutes  to  114  Minutes  after  onset  of  the  notion. 

These  data  alone  could  be  of  some  utility  and  interest. 
However,  it  has  been  our  intent  to  go  beyond  these  data  in 
an  attempt  to  discover  any  apparent  lawful  relationships 
aaong  notion  sickness  incidence,  frequency,  acceleration 
and  tine,  and  to  offer  a eatheaatical  description  of  the 
results.  A Mathematical  nodal  would  serve  to  facilitate  accu- 
rate predictions  of  the  effects  of  vertical  sinusoidal  notion 
(both  in  the  sense  of  interpolating  among  the  various  data 
points  we  have  obtained,  and,  with  soae  caution,  extrapolating 
beyond  then);  and,  hopefully,  to  provide  theoretical  insights 
regarding  the  underlying  processes  of  notion  sickness.  A 
nathcnatical  nodel  is  developed  herein  in  pursuit  of  these 
purposes. 

In  the  previous  report  (O'Hanlon  5 McCauley,  1973)  it 
was  observed  that  notion  sickness  incidence  for  subjects 
exposod  for  2 hours  to  vertical  sinusoidal  notion  at  various 
coabinatlons  of  accelerations  and  frequencies  can  be  well 
described  as  a log-noraal  function  of  stimulus  acceleration, 
where  the  two  parameters  of  the  implicit  underlying  normal 
distribution  (the  mean  and  the  standard  deviation)  are, 
respectively,  a function  of  the  stimulus  frequency,  and  a 
constant.  The  mean  value  specifies  the  acceleration  necessary 
at  a given  frequency  to  produce  a notion  sickness  incidence 
of  50%.  Tho  functional  relationship  between  the  nean  vales 
and  frequency  is  woll  described  in  log  acceleration  versus 
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log  frequency  coordinates  as  a concavo-up  parabola,  with  its 
ninisua  indicating  the  frequency  which  produces  the  greatest 
bk  :icn  sickness  incidence  for  a given  acceleration.  These 
findings  seen  to  suggest  a model  in  which  eaesis  occurs  when, 
for  given  frequencies  and  exposure  tines,  acceleration  ex- 
ceeds a threshold  value,  and  in  which  the  distribution  of 
these  threshold  values  among  subjects  characterizes  a random 
variable  with  a log-nornal  probability  density  function. 

Having  discovered  and  reported  this  result,  we  have 
subsequently  investigated  the  tine-dependent  nature  of  notion 
sickness  incidence  (see  Figure  7) . For  each  frequency  and 
acceleration,  we  have  observed  the  cumulative  MSI  as  a func- 
tion of  tine  and  have  found  that  it  too  is  apparently  pro- 
portional to  a log-nornal  distribution.  That  is  to  say,  a 
nodel  is  implied  in  which  individuals  have  varying  tolerances 
regarding  the  duration  of  exposure  to  vertical  accelerations, 
and  there  is  inplied  an  exposure-tine  threshold  which  can  be 
characterized  as  a randon  variable  with  a normal  probability 
density  function  in  the  log- frequency  domain.  Furthermore, 
in  investigating  the  relationship  between  tolerances  to 
acceleration  and  tolerances  to  duration  of  exposure,  we  have 
found  (not  surprisingly)  that  greater  accelerations  are,  on 
tK.e  average,  tolerated  for  shorter  durations  before  emesis 
occurs,  and  vice  versa.  This  result  implies  a negative  cor- 
relation between  the  ’’acceleration  threshold"  random  variable 
and  the -"time  threshold"  random  variable. 

The  above  observations  suggested  to  us  that  motion  sick- 
ness incidence  as  a function  of  frequency  (f>0j,  acceleration 
(a>G),  and  time  (t>0)  night  be  well  described  by  a two-dimensional 
nornal  distribution,  the  forn  of  which  is  given  by  equation  1: 
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of  rms  acceleration 


where 


y (f)  ■ k ♦ k I03  f ♦ k (log  f)a 
• 1 2 19  3 10 

It  follows  froa  this  ocdel  that  when  we  consider  MSI  as  a 
function  of  log  acceleration  while  holding  frequency  and  time 
constant,  we  do  indeed  get  a distribution  proportional  to  the 
normal  distribution  function;  and  likewise  when  we  consider 
the  log  tiae  dependence  of  MSI  while  holding  frequency  and 
acceleration  constant.  Furthermore,  the  expected  ("average") 
value  of  tho  log  acceleration  threshold  is  a linear  function 
of  the  log  tiae  threshold,  and  vice  versa.  The  slopes  of 
these  linear  relationships  are  dependent  upon  the  correlation 
coefficient  (p)  and  the  respective  standard  deviations  (o^  and 
o() , and  the  intercepts  are  dependent  upon  the  nean  values 
(y^  and  yt). 

The  bivariate  nornal  distribution  aodel  for  MSI  aay 
sound  qualitatively  appealing  on  the  basis  of  the  above  con- 
siderations but,  of  course,  it  Bust  be  tested  quantitatively 
before  one  can  fully  evaluate  it.  Toward  this  end,  we  Bust 
be  able  to  evaluate  the  bivariate  noraal  distribution  function 
itself.  Tables  and  algorithas  for  doing  so  are  not  generally 
available,  but  the  univariate  nornal  distribution  function  ia 
widely  tabulated,  and  algorithas  for  evaluating  it  are  widely 
available  for  use  on  digital  coaputers.  Therefore,  it  is  con- 
venient to  convert  the  two-dinensional  nornal  distribution 
given  in  equation  1 into  the  products  of  two  univariate  noraal 
distributions  in  order  to  sinplify  our  quantitative  deteraina- 
tion  of  the  paraneters  of  the  nodel,  and  to  facilitate  the 
use  of  the  nodel  for  the  reader's  own  purposes.  First,  let 
us  express  the  bivariate  nornal  density  in  terns  of  standard- 
ized nornal  variables  z&  and  z^  (i.e.,  variables  with  nean  ■ 0 
and  standard  deviation  ■ 1)  so  that  we  have  the  following 
three  equations  by  sinple  change  of  variables: 


4 (a , t) da  dt“ — — esp 


[l(Tv7  dV!lt  <2) 


where 


a 


l°g^a-iia(g) 


(S) 


1#S  t-Pt 


(4) 


Kow,  we  cay  express  the  joint  density  function  shewn  above 
as  the  product  of  the  density  functions  of  two  statistically 
independent  standardized  nornal  variables  by  converting  the 
norsal  variate  z(  to  z£*  as  shown  below  (Korn  5 Korn,  1958): 


(5) 


Since  this  linear  transforcation  (equation  5)  leads  to  uncor- 
related, statistically  independent  standardized  norcal  vari- 
ables, their  joint  distribution  function  is  given  by  the 
product  of  the  univariate  distribution  functions  of  the  respec- 
tive variables.  Therefore  we  cay  restate  equation  1: 


KSI  **  100  9(a,t)  - 100  9 fz  ) 9 (zf)  (6) 

2ft  2 t 

where 

®(z)  is  the  faniliar  standardized  cumulative  normal 
distribution  function: 


Vx)  " ^=-  J e*I>  [-  j **]dx  (7) 

The  joint  distribution  function  was  thus  reduced  to 
Iho  product  of  two  univariate  distribution  functions  which 
axe  readily  evaluated,  but  the  seven  parameters  of  this  model 
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remained  to  be  determined  in  some  optimum  way.  He  wished  to 
adjust  the  parameters  of  the  model  to  minimize  the  mean  square 
of  the  deviation  between  the  data  and  the  model's  predictions. 
Host  algorithms  for  "adjusting"  parameters  to  perform  least- 
squares  curve  fitting,  however,  involve  analytic  tiahnf *;,,*s  and 
require  functions  which  are  linear  in  the  parameters.  The 
response  of  the  model  we  have  posed  to  the  variation  of  its 
parameters  Is,  to  say  the  least,  nonlinear,  and  no  analytic 
approach  to  least-squares  estimation  of  these  parameters  is 
known  to  us.  Host  algorithms  for  the  least-squares  deter- 
mination of  nonlinear  parameters  involve  numerical  iterative 
processes  which  use  either  Taylor's  series  expansions  of  the 
model  or  some  method  of  steepest  descent.  These  methods  have 
complementary  strength,  as  Harquardt  has  pointed  out,  and  we 
have  used  his  algorithm  for  least-squares  estimation  of  non- 
linear parameters,  which  combines  both  methods  (Marquardt, 
1963). 

The  version  of  Harquardt 's  algorithm  available  to  us  for 
this  analysis  was  limited  to  100  observations  of  the  dependent 
variable  (i.e.,  MSI),  a limitation  we  could  not  control  be- 
cause the  source  code  was  not  accessible  to  us.  Me  could  have 
easily  exceeded  100  observations  of  our  empirical  independent 
variable,  for  example,  by  representing  the  cumulative  MSI 
function  at  1 minute  intervals.  However,  we  believe  there 
would  have  been  little  to  be  gained  by  doing  so.  Me  repre- 
sented the  data  in  the  following  manner:  for  each  frequency 

and  acceleration,  the  experimental  cumulative  MSI  was  evalu- 
ated at  10-minute  intervals,  and  was  considered  as  a data 
point  for  use  in  the  estimation  of  the  parameters  of  the  model 
only  if  the  empirical  cumulative  I'SJ  function  had  changed 
from  the  previous  10-minute  interval.  In  addition,  the  cumu- 
lative MSI  at  the  end  of  each  experimental  session  was  included 
as  a data  point,  regardless  of  whether  it  represented  a chango 
from  the  preceding  10-ninuto  interval  or  not.  This  procedure 
for  representing  the  empirical  MSI  data  yielded  99  observations 


(by  coincidence , one  less  then  the  carinun  accepted  by  tho 
computer  prograa  ),  each  of  which  is  listed  ia  Appendix  0 
cad  characterised  by  its  frequency  (Hz),  acceleration  (res  g) , 
tiro  (niautes)  at  the  midpoint  of  tho  10-cinuto  interval , end 
tho  observed  cumulative  HSI  (%  cnesis).  A Fortran  represen- 
tation of  the  ISS I nodal  was  prepared,  end  together  with  the 
03  data  points  was  used  in  conjunction  with  H&rqtsardt's  algo- 
rithm to  determine  least-squares  esticates  of  tho  codol' s 
parameters.  These  estinates  are  given  below: 

u (f)  - 0.87  ♦ 4. 36  log  f ♦ 2.73  (log  f)2 
a 

ofl  ■ 0.47  vt  * 1.46 

ot  • 0.76  p ■ -0.75 

Cith  these  parameter  values,  the  codol  yields  tho  predicted 
I’SIs  tabulated  in  Appendix  B,  and  the  root-oenn-squaro 
deviation  between  the  predicted  and  observed  HSIs  for  all  S3 
data  points  was  6.1%  K3I,  representing,  in  our  judgment,  a 
remarkably  good  fit  to  the  data.  This  (tine  dependent) 
bivariate  norsal  codel  of  KSI  is  quite  consistent  in  its 
predictions  with  the  tine  indapendant  codcl  previously  re- 
ported, where  the  two  models  are  comparable  (i.e.,  at  120 
minutes) , including  the  result  that  the  cost  pathogenic  fre- 
quency of  vertical  sinusoidal  accolcraticn  is  approximately 
.16  Hz.  It  is  noteworthy,  we  think,  that  the  inclusion  of 
tine  dependent  data  in  tho  present  version  of  tho  model  has 
hardly  changed  the  ms  error  (previously,  4%  KSI),  despite  a 
considerable  expansion  in  the  number  of  data  points,  in  terms 
of  both  tine  dependent  points  and  total  number  of  subjects. 

This  suggests  to  us  that  tho  bivariate  normal  codol  is  repre- 
sentative of  an  underlying  lawful  relationship  among  tho 
various  variables. 

A three-dimensional  representation  of  the  codol  is  given 
ia  Figure  8,  including  a cross-sectional  depiction  of  tho  25th, 
50th,  and  75th  percentile  "iso- emesis"  curves. 
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Figure  8.  Three-dimensional  representation  of  the  current  model  of 
notion  Sickness  Incidence  as  a function  of  wave  frequency  and  accolora 
tion  for  2-hour  exposures  to  vertical  sinusoidal  motion. 


Example  Calculation  of  an  MSI 


To  provide  a direct  exanple  of  the  utilization  of  the 
Eathsnatical  model  to  predict  an  J2SI  using  the  cosnonly  tabu- 
lated nornal  probability  distribution  function,  let  us  say 
that  it  is  desired  to  predict  f IS I at  60  Einutes  resulting  froa 
exposure  to  vertical  sinusoidal  accelerations  of  .21  rns  g at  a 
frequency  of  .25  Hz.  First  it  is  necessary  to  calculate  the  Bor- 
eal deviate  z . From  equation  (3)  and  the  parameters  on  p.  35: 

lot  0.21  - (0.07  ♦ 4.36  lot  0.25  ♦ 2.73  (lot  0.2S)2)  _ (-0.6nH-0.76j  _ n ,, 
*a  “ 0.47  ~ ' <>.47 

Hext,  it  is  necessary  to  calculate  the  value  of  the  nornal 
deviate  z . Froa  equation  (4)  and  the  parameters  on  p.  35: 

log  60-1.46  1.73-1.46  « 

*t  ‘ <>775 0775 °-‘’2 

And,  finally,  it  is  necessary  to  calculate  the  transformed 
(statistically  independent)  nornal  deviate  Froa  equation  (5) 

. V°-75l«  - . „.83 

t —jess. ==—  0.66 

Zl-0.752 

How,  we  enter  the  tables  to  evaluate  the  nornal  distribution 
function  at  the  value  zfl  and  at  the  value  *'t*  The  product 
of  these  two  values  tines  tho  factor  100  is  the  predicted  US I: 

KSI  « (100) (0.57) (0.80)  - 46% 

See  Appendix  C for  an  exanple  of  a FORTRAN  subprogram  to 
evaluate  the  saodol. 

Mango  of  Pradictivo  Validity 

Piguro  9 indicates  tho  frequency/ acceleration  points 
represented  in  the  data  from  which  the  parameters  of  the 
Eodol  were  determined.  He  feol  quito  confident  that  any  cal- 
culations of  predicted  JlSIs  for  frequency/ acceleration  points 
interior  to  tho  region  wo  have  investigated  (indicated  approxi- 
mately by  the  dashed  line)  would  represent  quite  valid  inter- 
polations of  the  data.  For  the  experimental  situation  in  these 
studies,  we  would  be  cost  surprised  by  any  markedly  irregular 


he  dotted  line  would  be 


behavior  (i • 0* » substantial  deviations  frost  the  model)  in 
this  region.  Extrapolation  outside  this  region  is  to  be 
taken  Kith  increasing  caution  the  further  ono  proceeds  away 
ffren  the  experimentally  examined  regions.  A quick  analysis 
of  the  Eodel  in  its  limits  suffices  to  indicate  certain 
isportaat  considerations.  First  of  all,  as  frequency  goes 
to  zero , MSI  also  goes  to  zero;  this  seems  reasonable.  As 
frequency  increases  without  bound,  MSI  again  goes  to  zero, 
but  beyond  soao  point  (say,  1.0  Hz)  we  rove  into  a region 
where  vibration  has  effects  other  than  that  of  producing  notion 
sickness  (seo  Guignard  § King,  1972;  Hornick,  1972). 

As  acceleration  goes  to  zero,  so  does  tbo  predicted  MSI; 
and  this  also  seems  reasonable.  As  acceleration  increases, 
without  bound,  tko  nodal  asymptotically  increases;  but  it 
oust  bo  remembered  that  for  acceleration  peaks  beyond  approxi- 
mately 1 g,  motion  sickness  can  become  quite  secondary  to 
other  considerations  (o.g.,  performance  of  tasks,  bodily 
injury,  etc.).  In  no  practical  sens©  decs  it  serve  tf-  stunlyze 
the  behavior  of  the  codel  as  acceleration  increases  without 
Units. 

With  respect  to  tho  tine  variable,  it  will  bo  noted  that 
as  the  duration  of  the  exposure  decreases,  so  does  the  pre- 
dicted notion  sickness  incidence;  a reasonable  result.  But 
as  tho  duration  of  exposure  increases,  MSI  approaches  asymp- 
totic values  which  aro  only  slightly  greater  than  those 
observed  at  2 hours.  This  is  consistent  with  the  data,  but  it 
Bust  bo  remembered  that  for  extrapolations  far  beyond  the 
region  that  has  been  experimentally  investigated  for  the  pur- 
pose of  developing  this  model,  it  is  virtually  certain  that 
habituation  effects  will  occur;  those  are  not  accounted  for 
in  tho  model  at  tho  present  time. 

If  tho  modal  is  used  with  soao  consideration  of  tho  points 
discussed  above,  we  have  considerable  confidence  in  its  validity 
for  tho  purpose  of  predicting  notion  sickness  incidence  as  a 
function  of  vertical  sinusoidal  (accelerations , and  perhaps  as 
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a stimulus  for  a bettor  understanding  of  the  physiological 
mechanisms  responsible  for  motion  sickness.  The  following 
discussion  of  errors  say  servo  to  further  substantiate  this 
confidence. 

Error  Analyst® 

The  genesis  of  this  nodel  has  no  doubt  been  influenced 
by  the  fondness  of  one  of  the  authors  for  the  concept  of 
logarithmic  responses  to  physical  stimuli,  and  by  his  trust 
in  the  Central  Limit  Theorem  to  cause  normal  distributions 
to  appear  conveniently  uhen  needed.  But  the  values  of  the 
parameters  of  the  modal,  and  its  overall  validation,  have 
been  soundly  empirical.  Because  it  docs  rest  on  an  empirical 
foundation,  however,  we  bring  into  question  the  matter  of 
measurement  errors  and  their  propagation  through  the  model. 

In  particular,  the  independent  variables  of  the  model  (fre- 
quency, acceleration,  and  time)  must  have  associated  with 
them  some  measurement  errors  (a_,  a , and  ol . Do  measure- 
raent  errors  of  tho  magnitude  we  experienced  in  conducting 
these  studies  propagate  through  the  model  to  cause  largo 
errors  in  predicted  MSI?  We  may  approach  the  question  by 
making  a Taylor's  series  expansion  about  a point  f*,  a*, 
t*  to  show  that  the  error  variance  propagating  into  the  pre- 
dicted MSI  value  as  a result  of  independent  variable  error 
variances  o|,  a*,  and  a*  is  given  by: 


VAR  (MSI*) 


■i  ♦ 8- •:  * 


By  analysis  of  our  methods  and  procedures,  we  have  estimated 
that  our  measurement  errors  were  a.  =0.01  Hz,  o “0.01  g, 

X St 

and  “3.0  minutes. 

However,  the  evaluation  of  tho  partial  derivatives  is 
tedious,  the  Tesult  complicated,  and  there  are  questions  re- 
garding the  goodness  of  tho  first-order  approximation.  An 
alternate  method,  which  we  profer  for  being  empirical  in 
nature  and  intuitively  meaningful,  consists  of  a Monte  Carlo 
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approach  to  tho  question  of  error  propagation.  Eo  fcovo 
evaluated  the  codel  SOD  tines  at  cpproxiaatcly  each  osso  of 
the  24  frequency/ acceleration  combinations  explored  ia  tho 
erperi cental  studies.  Cy  "approximately"  wo  conn  that  for 
each  particular  evaluation  wo  have  added  independent  renders 
variables  normally  distributed  with  roan  zero  and  signs  as 
appropriate,  to  each  of  the  independent  variables  frequency, 
acceleration,  and  tins,  to  represent  Eoasurcsent  errors  typi- 
cal of  those  found  in  the  present  studios.  Me  then  calculated 
tho  standard  deviation  of  the  HSIs  resulting  froa  the  590  trials 
at  each  of  tho  24  f r c queacy/ acceleration  points  involved  ia 
our  exporinents,  for  a total  of  12,033  evaluations  of  the 
Esdol  incorporating  simulated  Ecasnrcneafc  errors.  The  results 
of  those  12,000  evaluations  indicate  conclusively  that  the 
estimated  errors  of  Eeasiarenent  in  these  studies  propagate 
through  tho  model  and  result  in  an  overall  standard  deviation 
of  2.4%  1*31 ; and  in  none  of  the  24  cases  was  a standard 
deviation  observed  to  exceed  3.C%  1*31.  The  conclusion  we 
draw  from  this  is  simple:  Errors  ia  the  cessurcsent  of 

frequency,  acceleration,  and  tine  result  ia  snail  errors  in 
predicted  MSI  as  compared  with  sampling  variability. 

Sampling  variability  is  something  that  rust  be  tekea 
into  account  ia  Baking  predictions  regarding  the  response  of 
small  groups  of  subjects  to  actual  notion.  The  MSI  eccSol 
(divided  by  tho  factor  100)  cay  be  viewed  as  osticaticg  a 
probability,  p,  that  a given  individual  will  experience  motion 
sickness  under  tho  specified  conditions  of  frequency,  accelera- 
tion, and  time.  Testing  a group  of,  say,  20  subjects  constitutes 
a series  of  Bernoulli  trials,  and  the  total  number  of  persons 
who  will  actually  experience  emesis  is  subject  to  considerable 
variability  froa  group  to  group  (see,  for  example,  Guilford, 
1050).  For  groups  of  subjects  of  approximately  size  23,  end 
for  typical  cation  sickness  incidence  levels,  on®  can  expect 
a sampling  variability  of  approximately  10%  MSI.  Thus, 

Soviet ions  of  10%  or  so  froa  MS Is  predicted  by  the  node 1 uro 
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quite  ta  bo  expected.  And  it  can  bo  scan  that,  compared  to 
expected  sasplo  errors,  errors  owing  to  lack  of  accuracy  in 
tho  eeasureoent  of  independent  variables  is  secondary.  In- 
deed, the  sire  of  the  sampling  error  would  bo  sufficient  for 
us  to  doubt  the  validity  of  the  codol  itself,  had  we  vary 
few  data  points.  However,  we  have  now  collected  sufficient 
data  to  have  a reasonable  estimate  of  the  "true"  probabilities 
underlying  notion  sickness  incidence.  These  data  have  been 
collected  at  a variety  of  frequency/ acceleration  points,  but 
have  been  unified  by  the  nodal,  and  the  6.1%  res  error  be- 
tween the  predicted  and  observed  data  points  testifies  to 
convergence  upon  a rather  accurate  description  of  notion  sick- 
ness in  response  to  very  low  frequency  vortical  sinusoidal 
notion. 
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Several  practical  applications  of  this  research  caa  bo 
suggested,  although  the  limitations  of  the  present  data  uust 
not  be  overlooked  rhea  attempting  to  utilize  the  results  for 
such  applications.  The  use  of  single  sine  raves  precludes  con- 
fident prediction  of  MSI  in  seacraft  or  other  types  of  trans- 
portation vehicles  that  are  characterized  by  broadband  cation. 
Current  research  under  this  contract  is  addressing  that  issue 
by  observing  MSI  in  response  to  koto  complex  waveforms.  An 
associated  problem  is  tho  physical  description  of  the  intensity 
of  tho  stimulus.  Tho  ras  acceleration  is  not  necessarily  tho 
appropriate  ccasuro,  because  it  does  not  reflect  the  peak 
accelerations  that  occur  in  broadband  cation  in  the  same  way 
that  it  does  for  sinusoidal  cations.  Jen  and  Alien  (1974) 
have  discussed  this  issue  and  state  that  "the  practice  of 
equating  sinusoidal  effects  with  rondos  effects  on  an  rms 
basis  per  one-third  octave  band  cay  hsvo  a number  of  built-in 
errors." 

The  frequency  dependence  of  MSI  which  is  described  by  the 
mathematical  model  cay  have  implications  for  tho  design  of 
ships,  and  possibly  for  aircraft  and  other  vehicles  as  troll. 

Tho  frequency  of  nanism  notion  sickness  is  estimated  to  bo 
.16  Hz.  Perhaps  engineers  concerned  with  ship's  design  and 
habitability  could  consider  cininizicg  the  vertical  accelera- 
tion at  approximately  .16  Hs  when  they  are  attempting  to  reduce 
problems  of  motion  sickness. 

The  data  from  this  research  has  the  potential  for  being 
transformed  into  a format  compatible  with  current  vibration 
standards,  for  tho  purpose  of  extending  the  standards  into 
the  frequency  raage  below  1.0  Hz.  The  criterion  for  a vibration 
standard  in  this  very  low  frequency  range  could  be  defined  as 
rot ion  sickness  rather  than  comfort  or  fatigue  decreased 
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proficiency,  the  criteria  for  vibration  standards  above  1.0  Hz. 
Allen  (1974)  has  extensively  reviewed  this  issue,  and  McCauley 
and  Kennedy  (in  press)  have  given  an  example  of  such  a standard. 
HoweveT,  the  tenuous  nature  of  tasking  predictions  about  broadband 
notion  from  data  on  sinusoids  is  an  important  consideration. 

Another  area  of  potential  application  is  the  identifica- 
tion and  screening  of  personnel  who  will  be  exposed  to  dynamic 
environments.  Concern  for  this  problem  is  reflected  in  the 
proceedings  of  a conference  on  the  prediction  of  motion  sick- 
ness in  the  selection  of  pilots  (Lansberg,  1973).  An  MSI 
calculated  from  the  present  mathematical  model  can  be  con- 
sidered the  normative  response  for  healthy  young  males.  An 
individual  could  be  assessed  for  motion  sickness  susceptibility 
by  exposing  hin  to  a given  motion  and  comparing  his  response 
to  the  norn.  Development  of  a netric  in  terms  of  exposure 
tine  or  symptom  development,  or  both,  would  be  required  to 
implement  this  procedure.  More  research  is  needed  on  the 
specificity  of  susceptibility  to  particular  motions  and  the 
combined  effects  of  different  axes  of  notion  before  this  tech- 
nique of  personnel  selection  can  be  seriously  considered.  When 
more  data  become  available  regarding  habituation  and  its 
specificity,  the  utility  of  vestibular  training,  rather  than 
selection,  can  be  evaluated  as  well. 

The  present  research  has  provided  basic  data  regarding 
the  relationship  between  motion  sickners  and  the  frequency  and 
acceleration  of  vertical  oscillation,  but  a large  number  of 
issues  require  further  research.  Some  of  them  are:  exposure- 

time  variables  that  affect  habituation  and  dishabituation; 
the  specificity  of  habituation/adaptation  to  motions  of 
different  frequencies,  accelerations,  and  axes;  the  relation- 
ship between  visual  processes  and  the  physical  parameters  of 
motion  in  situations  inducing  notion  sickness;  anJ  MSI  in  com- 
plex waveforms  including  single  and  multiple  axes. 

From  a historical  viewpoint,  it  seems  that  the  incidence 
of  motion  sickness  will  j^rou  with  increasing  technology.  An 
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excellent  description  of  the  problem  is  given  by  Reason  and 
Brand  (1975): 


This  wretched  and  debilitating  condition  has 
always  been  intimacely  linked  with  can's 
technological  efforts  to  improve  and  extend 
his  natural  powers  of  locomotion.  As  both 
the  variety  and  availability  of  means  of 
transport  are  increasing  at  an  ever  accele- 
rating rate,  so  the  magnitude  of  the  motion 
sickness  problem  grows  accordingly.  (p.  v) 

Man  will  continue  to  propel  his  body  through  water,  air, 
and  space  with  dynamics  that  are  increasingly  different  fro a 
his  normal  body  ^propulsion.  Motion  sickness  research  can  con- 
tribute to  the  success  of  these  ventures,  as  prediction  leads 
to  understanding,  and  understanding  to  control  of  the  ill 
effects  of  new  dynamic  ei. zironnents . 
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Appendix  A 

original  ahd  modified  onii/UFa  rrsiica  CsnsuAxca 

SPECIFICATIONS  AND  PERFORMANCE  CRITERIA 


Studios  I end  II  were  performed  before  1075  on  tho 
original  OIJR/HFR  Motion  Generator.  Study  III  was  perforate! 
in  1976  after  modification  of  the  heave  system  increased  its 
frequency  range  and  acceleration  capability.  Susaary  data 
regarding  the  performance  of  the  original  and  tho  codified 
Motion  Generator  are  given  in  Table  A-l.  Those  data  were 
obtained  from  engineering  studies  by  Hoggs  and  Jex  (1075)  and 
O' Hanlon,  Seltzer,  and  Sanderson  (1975).  Those  sources  should 
be  consulted  for  a detailed  description  of  the  dynsnics  of 
the  upgraded  system. 

Also  in  Table  A-l  is  the  result  of  a digital  Fourier 
series  analysis  of  tho  displacement  waveforns  fren  two  cation 
conditions  representative  of  Studies  I and  II  with  tho  pro- 
codified  heave  systen  (.4  Hz/. 25  ras  g,  and  .5  Hz/. 33  rns  g) . 
The  harmonic  distortion  was  determined  to  be  less  than  10%. 


TAOLE  A-l 

ORIGINAL  AND  MODIFIED  OHR/HFR  MOTION  GENERATOR 
SPECIFICATIONS  AND  PERFORMANCE  CRITERIA 


Original  Systen  ! 

(Pre  1975) 

Ksdiftcd  Systen 

Aspllteda 

*11  ft 

*10  ft 

Velocity 

* 8 ft/ses  >*18  ft/sec  1 

Acceleration 

*.S  g 

>♦  1.1  g 
- .9  g 

Rinlnal  Incrcr.antal 

Acceleration  Ccnnand 

♦.10  g 

*.04  g 9 .1-5  Hz 

Hat-sonic  Distortion 

at  .4  Hz,  .25  res  <3 
end  .5  Hz,  .33  rns  g 

<1BS 

<1G3 

Pitch  fi  Roll 

1 

1 

Capability  on- 

| 

Assplttede 

*15  i 

changed,  perfornance 
restricted  to  esaxl- 

Velocity 

*25*/scc 

eua  required  for 
achieving  specific 

Acceleration 

tlCO’/sec1 

test  requlrenants 

■7  r* 

vwi  1 


Lv.h„ 


7 


law 


55 


A?3?EEDI2  B 
DATA  USED  XU  FOSri'JLATIUfl 
MODEL  0?  M0TIC3  SICEEES 


MATEEi! 

s l::ci 


ATICA 

▼-»  * ' r*  vf 
h*  M fcv  W xk 


L 


Dattsu 

Freausnof 

(Hz) 

Acceleration 
(rets  n) 

Tim 

(cin) 

131 

Predicted 

131 

Di ffarcnca 

1 

.033 

.C55 

115 

5 

4 

♦ 1 

2 

.157 

.c:s 

£5 

5 

11 

- 6 

3 

.157 

.C3H 

115 

10 

12 

• 2 

4 

.157 

.111 

^ *» 
«r5 

5 

21 

-IS 

5 

.157 

.111 

<5 

10 

21 

-14 

6 

.157 

.111 

£5 

15 

27 

-12 

7 

.157 

.111 

75 

£0 

31 

-11 

8 

.157 

.111 

£5 

25 

33 

- 8 

9 

.157 

.111 

115 

39 

- 6 

10 

.157 

.222 

5 

13 

11 

- 1 

11 

.157 

.222 

15 

49 

32 

+ 8 

12 

.157 

.22 2 

25 

45 

44 

♦ 1 

13 

.157 

.222 

45 

£0 

£5 

- 5 

14 

.157 

.222 

£5 

£5 

£3 

- 3 

15 

.157 

• .222 

115 

eo 

65 

- 5 

fl6 

.120 

.170 

5 

8 

6 

♦ 2 

17 

.ICO 

.170 

15 

23 

21 

♦ 6 

, 13 

.ICO 

.170 

25 

40 

31 

♦ 9 

19 

.ICO 

.170 

35 

47 

37 

+10 

20 

.10) 

.170 

45 

55 

42 

♦13 

21 

.ICO 

.170 

£3 

60 

£0 

♦10 

f 22 

.200 

.224 

5 

11 

11 

♦ 1 

23 

.200 

.234 

15 

37 

32 

♦ 5 

24 

.200 

.234 

25 

43 

44 

- 1 

- 25 

.200 

.234 

35 

57 

50 

♦ 7 

25 

.209 

.234 

45 

60 

£5 

♦ 5 

27 

.200 

.234 

£5 

69 

£3 

♦11 

28 

.200 

.234 

C5 

71 

62 

♦ 9 

29 

.259 

.111 

5 

3 

1 

♦ 3 

20 

.250 

.111 

15 

7 

5 

♦ 2 

31 

.250 

.111 

25 

17 

9 

♦ 8 

32 

.250 

.111 

55 

24 

13 

♦ 6 

33 

.250 

.111 

65 

23 

20 

♦ 7 

34 

.250 

.111 

115 

31 

25 

♦ 5 

35 

.250 

.222 

5 

6 

6 

- 1 

35 

.250 

.222 

15 

17 

23 

- 6 

37 

.250 

.222 

25 

32 

23 

- 1 

33 

.250 

.222 

35 

39 

29 

- 1 

39 

.250 

.222 

45 

41 

44 

- 3 

<0 

.259 

.222 

55 

54 

47 

♦ 7 

41 

.250 

.222 

65 

£5 

49 

+ 6 

42 

.250 

.222 

£3 

57 

52 

♦ 5 

43 

.250 

.222 

115 

63 

£5 

♦ 8 

3 {£3 


57 


"T 


rr 


APPCI3D1Z  B (Continued) 


Frequency  Acceleration  Tir.e  Oserved  Predicted 


Cstca 

(Hz) 

(rn  g) 

(nin) 

£31 

B1  ffarence 

<4 

.2:0 

.333 

5 

2 

15 

-13 

45 

.233 

.333 

15 

40 

40 

0 

a 

.253 

.333 

25 

51 

52 

- 1 

47 

.253 

.333 

35 

ES 

52 

- 3 

43 

«2-3 

.333 

65 

53 

67 

- 9 

43 

.253 

.333 

75 

67 

63 

- 1 

£3 

.253 

.333 

115 

69 

71 

- 2 

SI 

.055 

115 

5 

3 

+ 2 

52 

.333 

.111 

35 

4 

5 

- 1 

53 

.333 

.111 

45 

12 

7 

+ 5 

54 

.333 

.111 

115 

15 

13 

+ 2 

55 

.333 

.222 

5 

4 

2 

♦ 2 

55 

.333 

.222 

15 

11 

10 

♦ 1 

57 

.333 

.222 

55 

15 

29 

-14 

53 

.333 

.222 

65 

27 

31 

- 4 

53 

.333 

.222 

75 

31 

33 

- 2 

£0 

.333 

.222 

55 

33 

35 

♦ 2 

Cl 

.333 

.222 

105 

42  . 

37 

♦ S 

62 

.333 

.222 

115 

45 

33 

♦ 8 

63 

.333 

.333 

5 

9 

6 

♦ 3 

64 

.333 

15 

19 

23 

- 4 

65 

.333 

.333 

35 

31 

39 

- 8 

65 

.333 

.333 

45 

37 

44 

- 7 

67 

.333 

.333 

55 

41 

47 

- 6 

63 

.333 

.333 

65 

44 

■ 49 

- 5 

63 

.333 

.333 

£5 

47 

52 

- 5 

70 

.333 

.333 

115 

50 

55 

- 5 

71 

.417 

.444 

15 

20 

17 

+ 3 

72 

.417 

.444 

65 

33 

42 

- 9 

73 

.417 

.444 

115 

40 

43 

- 0 

74 

.500 

.222 

65 

5 

5 

0 

75 

.500 

.222 

£5 

10 

8 

♦ 2 

75 

.500 

.222 

115 

14 

9 

* 5 

77 

.ECO 

.333 

25 

5 

6 

- 1 

73 

•ECO 

.333 

55 

10 

12 

- 2 

73 

.ECO 

.333 

£5 

15 

17 

- 2 

£3 

• ECO 

.333 

1C5 

20 

18 

+ 2 

Cl 

.ECO 

.333  • 

115 

25 

19 

+ 6 

C2 

.500 

.444 

5 

5 

1 

+ 4 

03 

enn 

• w'wO 

.444 

25 

19 

11 

♦ 8 

£4 

.500 

.444 

45 

23 

18 

■Ml 

£5 

•SCO 

.444 

115 

33 

23 

+ 4 

£3 

.500 

.555 

15 

8 

11 

- 2 

87 

.ECO 

.555 

25 

13 

17 

- 5 

C3 

.ECO 

.555 

35 

21 

22 

- 2 

£3 

.500 

.555 

45 

33 

25 

+ 7 

50 

.500 

.555 

95 

33 

35 

+ 1 

S3 


APPENDIX  B (Continued) 


Datum 

Frequency 

(Hz) 

Acceleration 
(rrs  g) 

Ti:r:2 

(tain) 

Observed 
1 31 

Predi ctad 

f3I 

Di ffcrcnca 

91 

.5C3 

.555 

115 

42 

23 

♦ 4 

92 

.600 

.444 

65 

4 

8 

- 4 

93 

.6C0 

.444 

115 

8 

12 

- 4 

94 

.600 

.555 

15 

9 

3 

♦ 6 

95 

.eco 

.555 

115 

13 

13 

0 

95 

,7C0 

.555 

115 

4 

6 

- 2 

97 

.033 

.0275 

115 

0 

0 

0 

S3 

.157 

.0275 

115 

0 

2 

- 2 

S3 

.533 

.111 

115 

0 

l 

- 1 

* Data  from  research  for  ALZA  Corporation  (f'cCculey  & O'Karlcn,  1575) 

* Data  from  research  for  ALZA  Corporation  (Royal  et  al.,  1273). 
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ensx 


G5-'20-*  76 


100®  THIS  SlfSPftOgpnM  EVOLUHTES  THE  MOTT SENfiT I COL  HOI-EL  PRESENTED 

no®  its  Kunmi  footers  reseopch»  xnc.  tech  rpt  i 733-2  rca  the 

120®  PURPOSE  OF  PREDICTING  MOTION  SICKNESS  INCIDENCE  C:>  US  fl 

130®  FUNCTION  OF  FREQUENCY  <HZ> » OCCELERflT  ION  cRNSG) » ft? ID  TIME  aiXN>. 

140® 

ISO® 

160® 

170 

too® 

190 


fOO 

10 


21 
220 
230® 
240 
250 
260 
270 
230® 
290 
300 
310 
320® 
33  G® 
340® 
350® 
360® 
370® 
330 
390 
400 
410 
420 
430 
440 
450 
460 
470 


FUNCTION  EMSX  <F»fbT> 

FL0G=P.LCG1  G <F> 

nrtU=0.37+4.36®FLOG®2.73®FLOG®FLC3 
nCCELOG=RL0510<n> 
Zn«<nCCELOG-rtNU>.‘0.47  • 

TLOG=FLOG10<7> 

Z Ta  <TLOG**  1 . 46) 0 . 76 
DENON=SQRT  <1 . 00- <-0. 75) ®®2.) 

ZTPRIME*  <ZT+0. 7.5®Zfl>  -'BET  ION 

EMSI =1 00. ®STBFHI <Zfi) ®STBPHI <Z7PRIMH> 

RETURN 

END 


STBPHI>  BELCy»  EVCLUilTES  THE  STONBRRBIZED  NORNRL  DISTRIBUTION 
FUNCTION.  THE  flPPROHIMBTION  IS  DOSED  ON  S-'R  NB7R»  IBM  SSP  VERSION 


FUNCTION  STDPHX<Z> 

OZ=OBS  <Z> 

U=1.0-'fl.  0®0.2316419®OZ> 

D=0. 3989423®EHP  <--Z®Z-'2. ) 

STDPHI  = 1 . 0-D®  i < < <1 . 33 0274 ®U-1 .821256)  ®U*1 . 731478)  ®U 
S.  -*  0 . 3565638)  ®U ® 0.31 933 1 5)  ®‘J 

IF  <Z) 1 > 2»  2 

1 STBPHI=I . 0— STBPHI 

2 RETURN 
END 
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